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Featured Application: The research work presented in this paper may be of value for the
management of sawing sludge in the context of a circular economy approach. Potential applications
may occur in all modern infrastructures in which high-voltage cables are buried in the
pavement subgrade.

Abstract: The management of sawing sludge originated from cutting operations of ornamental
stones represents a challenging task as a consequence of its peculiar composition that includes
non-negligible amounts of heavy metals resulting from the wear and tear of cutting tools. The aim of
the research work presented in this paper was to investigate the feasibility of using these by-products
as supplementary constituents of cementitious mixtures employed for the formation of Fluidized
Thermal Backfills (FTB). These mixtures are designed and produced for filling operations in pavement
subgrades in which high-voltage electrical transmission cables are buried for protection purposes.
Two different types of sawing sludge were thoroughly analyzed from a physical and chemical point of
view and thereafter employed for the laboratory production of four FTB mixtures. Then, these were
subjected to thermal, mechanical, and environmental tests in order to verify their suitability for their
intended use. All investigated FTB mixtures exhibited a satisfactory and stable thermal conductivity,
and they also displayed enhanced stiffness properties in comparison to standard subgrade and
sub-base materials. Controversial results were obtained with respect to environmental properties
resulting from leaching tests, thus suggesting that further investigations are needed before any
full-scale application can take place.

Keywords: circular economy; sawing sludge; Fluidized Thermal Backfill (FIB); buried electrical
cables; thermal conductivity; resilient modulus; leaching test

1. Introduction

The construction of road infrastructures often entails the installment of utility lines which in
most cases, for protection purposes, are buried in the pavement subgrade. High-voltage transmission
cables are among these utility lines, and their ampacity depends upon the temperature they reach
during power transmission. In fact, these cables are designed to transfer power at maximum current
carrying capacity [1], thereby generating heat as a function of the thermal properties of the surrounding
subgrade material. If such a material does not dissipate heat effectively, temperature of the cables
may exceed the optimum operation value (65-70 °C) and may consequently compromise their service
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life [2]. The resulting scenario can be catastrophic in the sense that repair operation may require,
in addition to cable substitution, demolition and reconstruction of the entire pavement.

As a result of the heat-related issues outlined above, in the presence of high-voltage cables, in the
formation of subgrade fills, use can be made of specifically designed composite materials known as
“thermal backfills”. These materials exhibit a sufficiently high thermal conductivity that enhances
heat dissipation from buried cables and consequently reduces their core temperature [1-4]. Thermal
backfills are also designed to maintain their properties as stable in time, thereby limiting the effects of
the progressive creation of dry zones near the cables, as in the case of typical subgrade soils, which can
lead to a significant decrease of conductivity and to the reduction of cable rating [4-7].

In some cases, depending upon design requirements and construction constraints, thermal backfills
can be conceived and produced in the form of Fluidized Thermal Backfills (FIBs). Such a category of
materials includes self-compacting and self-leveling flowable mixes, which are ideal for applications
in tight and challenging geometrical configurations where laying and compaction operations may
be especially complex. FTBs are constituted by hydraulic binder (i.e., cement), aggregates, water,
and chemical admixtures; however, several recycled components can be included in their composition,
with a corresponding reduction of production costs and environmental impact [4,8-16].

Different factors affect the thermal properties of cementitious backfilling materials. Kim et al. [17]
found that the volume of aggregate fractions and moisture content affected the conductivity of
backfilling mixtures, although non-negligible effects were also attributed to chemical admixture type
and cement dosage. Uysal et al. [18] and Damdelen [19] observed that thermal conductivity was
affected by cement dosage and type, water-to-cement (W/C) ratio, mix density, and mineralogical
structure of aggregates. Célestin et al. [11] pointed out that composition parameters such as W/C ratio,
cement type, and dosage had the main effects on thermal properties, while a lower influence was
attributed to the mineralogical nature of aggregates. Nevertheless, they observed that the conductivity
of backfilling mixtures was improved in the presence of increasing values of quartz content. Finally,
while investigating the thermal properties of FTB mixtures, Choorackal et al. [14] reported the negligible
effects due to curing time, whereas they underlined the fundamental role played by cement content,
W/C ratio, and aggregate type.

The study described in this paper focused on the characterization of FTBs that were specifically
designed to achieve satisfactory thermal and mechanical properties. However, as described in detail in
the following, the main goal of the investigation was to assess the feasibility of using sawing sludge in
their production.

Sawing sludge is generated by cutting operations that are performed during the processing
of ornamental stones. Depending upon the mineralogical composition of the original stone,
these operations rely upon the use of different techniques and tools (gangsaw, diamond blade,
diamond wire). Residual sludge is classified as inert waste (EWC code 010413) and is normally
sent to landfill disposal. However, as a result of the very large quantities produced every year (5
million tons in the EU according to Graziani et al. [20] and Zichella et al. [21]), the management of
residual sawing sludge represents an unsolved environmental and economic issue. In such a context,
its recycling as a secondary raw material is a challenging task as a consequence of its very fine particle
size distribution and high water content. Furthermore, the presence of heavy metals deriving from
wear and tear of cutting tools [14,22-24] usually prevents its direct reuse without any preliminary
treatment or processing.

Several studies have tried to identify potential industrial applications in which sawing sludge
may be employed, mainly by considering its inclusion in construction and building materials.
Al-Hamaiedeh et al. [25] analyzed the effect of adding different amounts of granite sludge powder in
cement mortar and concrete, thereby observing an increase of setting time and compressive strength.
Similar studies were performed by Amin et al. [26] and Mashaly et al. [27], who investigated the
feasibility of using granite sludge as a supplementary component in cement mortar and concrete.
These researchers showed that the addition of granite sludge resulted in a negligible reduction of
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the mechanical properties when the employed percentage did not exceed 20% by weight of the total
aggregates. The positive effects of using granite by-products in the production of mortar and concrete
were also discussed by Singh et al. [28,29]. da Silva et al. [30] found that the replacement of fine
aggregates with granite powder in mortar resulted in a lower depth of carbonation, thus leading
to an increase of durability. Finally, the use of marble powder waste was found to be effective also
in asphalt layers and in controlled low-strength materials by Santagata et al. [31], Aydin et al. [32],
and Choorackal et al. [13,14].

The experimental investigation described in this paper entailed the performance-related
characterization of laboratory-prepared FTBs containing sawing sludge generated from the cutting
and processing of different types of rock blocks. As discussed in the following, measured properties
included thermal conductivity and resilient modulus. Additional tests of environmental relevance
were also carried out to assess the contents of heavy metals in the mixtures and those resulting from
leaching tests.

It should be underlined that the use of sawing sludge in FTB mixtures was envisioned in the
absence of any preliminary processing or treatment. Such an approach was considered to be consistent
with the circular economy philosophy encouraged by the current strategies the prevention and recycling
of waste of the European Commission. Furthermore, it tries to meet the needs of the construction
industry that is constantly striving in the attempt of matching the production of high-quality materials
with a corresponding containment of costs.

2. Materials and Methods

2.1. Constituent Materials

FTB mixtures were prepared in the laboratory by employing two quartzite aggregate fractions
(0-8 mm and 8-14 mm), two different types of sawing sludge (indicated as “A” and “B”), CEMII/A-L
R42.5 cement [33], water, and a polycarboxylate-based superplasticizer.

According to the information obtained from the supplier, both aggregate fractions were reported
to have a quartz content of the order of 95%. They were selected to form the bulk structure of the
FTB mixtures, since quartzite is the metamorphic rock with the highest thermal conductivity [34,35].
The two types of sludge were retrieved from cutting plants located in the north-west of Italy, where they
were being stockpiled before disposal. General information on the origin, composition, and generating
cutting technology of the two types of sludge is listed in Table 1.

Table 1. General information on sawing sludge.

Sludge Type Stone Type Composition Cutting Technology

Quartz, plagioclase,
A Serizzo stone orthoclase, biotite, Gangsaw
muscovite, epidote

Quartz, plagioclase,

Mix of silicate stones orthoclase, alkaline Miscellaneous (gangsaw,
B (Beola, Granite, Serizzo, feldspar, biotite, diamond blade,
Luserna, Syenite) muscovite, pyroxene, diamond wire)

white mica, chlorite

Preliminary analysis of aggregate fractions and sludge included the determination of particle size
distribution and specific gravity (SG) as per corresponding EN standards [36,37].

The quartz content of the investigated sludge types was assessed by subdividing them into
several size fractions (>0.425 mm, 0.425+0.212 mm, 0.212+-0.106 mm, 0.106 + 0.075 mm, 0.075 =+
0.038 mm, <0.038 mm) and by consequently performing petrographic observations by means of an
optical microscope (Leika DMLP). Quantitative quartz content data were obtained by employing an
image analysis software (Image]) for the processing of the microscope outputs.
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Since contamination from heavy metals was expected due to the wear and tear of cutting tools,
sludge was subjected to chemical analyses and leaching tests. Chemical analyses were performed on
dried samples of sludge by means of an inductively coupled plasma (ICP) mass analyzer (as per [38]).
Then, test samples were subjected to leaching tests carried out in accordance with EN 12457-2 [39],
with the consequent determination of the heavy metals content of the leachate solution by means of
the previously mentioned ICP mass analyzer.

Finally, a supplementary quick assessment of the quantity of metals present in the two types of
sludge was performed by following the procedure described in Zichella et al. [24], which was based on
the use of a Kolm-type high-gradient magnetic separator.

Results obtained in this preliminary characterization phase of constituent materials are displayed
in Figure 1 and in Tables 2—-6.
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Figure 1. Particle size distribution of aggregate fractions and sawing sludge.

Table 2. Specific gravity of aggregate fractions and sawing sludge.

Fractions SG
0-8 mm 2.79
8-14 mm 2.72
Sludge A 2.67
Sludge B 2.74

Table 3. Quartz content of sawing sludge (values in percent).

Fractions [mm]

Sludge Type
>0.425 0.425 +-0.212 0.212 +0.106  0.106 - 0.075 0.075 + 0.038  <0.038
A 5 10 25 9 11 43
B 35 45 35 8 22 52

Table 4. Chemical composition of sawing sludge (threshold limits defined in [40], values in mg/kg).

Sludge Type Ba Cu Zn Co Ni \% Cd Crit CrVI  Pb Fe
A 68 186 545 104 865 256 <1 130 <5 47 3428
B 72 108 125 102 15 22 <l 1836 <5 26 11.84

Threshold limits for reuse - 600 1000 250 500 - 15 800 15 1000
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Table 5. Results of leaching tests performed on sawing sludge (threshold limits defined in [41]).

Ba Cu Zn Co Ni A% Cd Criot CrVl Pb Fe
Sludge Type
[mg/L] [mg/L] [mg/L] I[g/L] [g/L] [g/L] [g/L] [g/L] [g/L] [g/L] [mg/L]
A <0.01 <0.001 <0.001 449 <1 5.48 <1 <1 <0.01 <1 0.03
B 0.02 0.01 0.01 <1 10 3.36 <1 2.45 <0.01 <1 4.48
Threshold limits for reuse 1 0.05 3 250 10 250 5 50 - 50 -

Table 6. Results of magnetic separation tests.

Fraction [%]

Sludge Type
Magnetic Non-Magnetic
A 3.0 97.0
B 25 97.5

As shown in Figure 1, it was observed that both types of sludge were characterized by a very
fine particle size distribution, which qualifies them as good candidates for inclusion in FTBs. In fact,
in order for FTBs to exhibit a self-compacting and self-leveling behavior, it is necessary to include in
their formulation a relevant amount of fines [15].

Test results contained in Table 2 indicate that the SG determined for the quartzite fractions was
consistent with data reported in literature, which refer to a typical range of 2.6 + 2.8 [42]. However,
significant differences were recorded when comparing the SG values of the two types of sludge,
thus confirming their different origin in terms of mineralogical composition and cutting operations.

With respect to composition (Table 3), it was found that sludge B contained a greater amount of
quartz in comparison to sludge A. This is a consequence of the different quartz content of the rocks
from which they were derived: of the order of 50% for silicate rocks (that yielded sludge B) and of
approximately 20% for Serizzo stone (corresponding to sludge A).

The significant difference in the composition and origin of the two types of sludge were also
reflected by the results of chemical analyses and leaching tests (Tables 4 and 5, respectively) that
focused on the presence of heavy metals.

As indicated in Table 4, sludge A showed higher contents of Ni, Cu, and Fe, which come
from employed gangsaw cutting tools, while sludge B was characterized by higher contents of Zn,
Co, Pb, and Cryt, which was probably as a consequence of the diamond blade and diamond wire
technologies used during processing operations. By comparing the concentration of heavy metals
of both materials with the threshold limits established by Italian legislation for use in industrial and
commercial areas [38,40,43], it was observed that only the concentration of Cryot of sludge B exceeded
the prescribed limit. In any case, it should be underlined that the above-mentioned legal limits refer
to the use of materials in their raw form, which is not the case of the sludge considered in the study
described in this paper.

As expected, results obtained from leaching tests (Table 5) were not fully consistent with those of
the analyses discussed above. This is due to the specific phenomena that occur during sludge-water
interaction and to the subsequent release of compounds containing heavy metals. As shown in Table 5,
experimental data were compared to the maximum concentration limits established by the Italian
Ministerial Decree 186/2006 [41]. When these limits are not violated, as in the case of both considered
sludge samples, according to the current legislation the material can be reused as a secondary raw
material. If any of the listed limits is violated, the tested material is considered to be potentially harmful
with respect to pollution of water courses and reservoirs and therefore requires being treated as a
special non-hazardous waste to be disposed of in specifically authorized landfills.

The results of magnetic separation tests, as reported in Table 6, revealed that in terms of their
percentage of magnetic fraction, the two sludge samples were quite similar, with values of the order of
2.5 + 3.0%.
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2.2. FTB Mixtures

FTB mixtures were designed by following the mix-design procedure proposed by Choorackal
et al. [15]. The target size distribution was that proposed by Funk et al. [44] as indicated in Equation (1):

DI -DI
_ . min
(D)= 100- 2+ ¢y
max min

where D is the diameter of aggregate particles (in mm), P(D)—expressed in %—represents the
cumulative percentage passing the sieve with opening equal to D, Diax is the maximum diameter of
aggregate particles in the mixture (in mm, fixed at 12.5 for all mixtures and corresponding to a P(D)
equal to 100%), Dy, is the minimum diameter of aggregate particles in the mixture (in mm, assumed
to be equal to 5 pm for all mixtures), and q is the so-called distribution modulus (which defines the
balance of coarse and fine aggregates within the aggregate skeleton). Based on the past experiences of
the authors [13-16], q was set equal to 0.21.

The composition of the FTB mixtures included in the investigation is reported in Table 7, in which
they are associated to as alphanumeric identification code given by the combination of sludge type
(A or B), cement content (equal 50 kg/m?® or 100 kg/m3), and water-to-powder ratio (W/P, equal to 0.75
or 0.85). Cement contents, expressed with respect to the total volume of the mixtures, were chosen
in the typical range employed for FTBs, which are not required to reach very high strength values
after curing. W/P values were those considered to be optimal in order to achieve a satisfactory degree
of fluidity in combination with the employed superplasticizer (the dosages of which are expressed
as a percentage by weight of cement). It is worth noting that the term “powder” is herein used to
collectively indicate cement and sludge, which jointly contribute to cement paste fluidity and void
filling. Percentages of the various granular components (sludge and quartzite fractions) are expressed
by weight and are referred to the overall load-bearing aggregate skeleton.

Table 7. Composition of investigated Fluidized Thermal Backfills (FTB) mixtures.

Composition of Aggregate Skeleton [%]

. Cement Superplasticizer
FTB Mixture 31 W/P[-] perp . :
[kg/m°] [%] Quartzite  Quartzite
Sludge A Sludge B 0-8 mm 814 mm
A-C50-0.85 50 0.85 0.25 18 - 71 11
A-C100-0.75 100 0.75 0.50 18 - 71 11
B-C50-0.75 50 0.75 0.25 - 19 69 12
B-C100-0.75 100 0.75 0.50 . 19 69 12

All mixtures were prepared by means of a portable mortar mixer by adopting a protocol that
entailed a preliminary mixing of dry quartzite fractions, sludge, and cement, which was followed
by the addition of a premixed solution of water and superplasticizer additive. The resulting blend
of components was continuously mixed until the achievement of a homogeneous material. Then,
test specimens were prepared by employing plastic cylinders in which the mixtures were poured and
thereafter allowed to settle with no application of compacting action.

2.3. Test Methods

Thermal conductivity of the four candidate FTB mixtures was evaluated in accordance to ASTM
D5334 [45] by making use of a thermal needle probe (60 mm long and 3.9 mm in diameter), which was
successfully used in previous investigations carried out by the authors [13,14]. Tests were performed by
drilling three holes on the top surface of cured cylindrical specimens (diameter 100 mm, height 200 mm),
in which the needle probe could be inserted. To avoid any misreading in measurements, drilled holes
were preventively filled with a ceramic-based polysynthetic compound that provided the needle probe
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with the necessary continuous contact with the surrounding mixture. Thermal conductivity was
calculated by means of the following expression (Equation (2)):

q

- 4-mra

@)

where k is the thermal conductivity (in W/(m-K)), q represents the heating power of the needle, and a
indicates the slope of the linear function that describes temperature as a function of the logarithm
of time.

Thermal conductivity was measured after 18 days of curing at room temperature, when it was
considered that the FTB mixtures would reach conditions that are representative of those ordinarily
met in the field. After carrying out the above-described tests, specimens were oven-dried at 60 °C for
48 h in order to reach low-moisture conditions, hereinafter referred to as “lab-dried”, that mimic those
that may occur in service as a consequence of possible drying phenomena due to the heat generated by
buried cables. Thermal conductivity tests were repeated on all specimens in lab-dried conditions.

Resilient modulus (M;) tests were carried out on slender cylindrical specimens (diameter 100 mm,
height 200 mm) after 7 days of curing. Given the low cement contents adopted for the preparation
of the FIB mixtures, such a curing period was considered to be sufficient for the development of
most of the time-dependent hardening phenomena occurring in service and therefore adequate for the
assessment of the long-term bearing capacity of these materials. The M; test is commonly employed
for the evaluation of the stress—strain response of granular materials under the effects of traffic
loading [46-52]. However, it has also been used successfully for the assessment of the mechanical
behavior of cement-treated and cold-recycled bituminous mixtures [51-54].

As prescribed by AASHTO T307-99 [55], M tests were carried out by means of a triaxial apparatus
that allows the simultaneous control of confining pressure (03), which is kept constant, and of deviatoric
stress applied in the vertical direction (oq), which has a haversine-shaped form. Resulting vertical
strains (¢1), of a reversible and permanent nature (¢1, and &1, respectively), were measured by
means of a pair of LVDTs (Linear Variable Displacement Transducer). According to the adopted
standard, test specimens were subjected to 15 loading sequences composed of 100 cycles with various
combinations of o3 and o4. Then, M, values were calculated by using the following expression
(Equation (3)):

O
M, = 2. 3)
E1r

After completion of the thermal and mechanical tests, specimens were crushed by making use
of a ball mill in order to obtain a powder suitable to be subjected to the same chemical analyses and
leaching tests previously carried out on sludge samples (see Section 2.1).

3. Results and Discussion

3.1. Thermal Properties

Results of thermal conductivity tests carried out on the FIB mixtures in the two previously
described curing conditions are given in Table 8. Listed values were calculated as the average of the
results obtained in individual holes drilled in the specimens.

The results displayed in Table 8 clearly indicate that cement content has a significant effect on
thermal conductivity. In fact, by increasing cement content from 50 to 100 kg/m?, a corresponding
non-negligible increase of k was obtained in both curing conditions and for mixtures containing both
types of sludge. Such a variation is due to the thermal conductivity of the products formed during the
hydration process of cement and to the porosity reduction induced by making use of higher cement
dosages [14,18,19,56,57].
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Table 8. Thermal conductivity of FTB mixtures.

Thermal Conductivity, k

FTB Mixture [W/(m-K)]
18 Days of Curing Lab-Dried
A-C50-0.85 0.97 0.51
A-C100-0.75 1.57 1.04
B-C50-0.75 1.16 0.84
B-C100-0.75 1.70 1.15

By analyzing the data in Table 8, effects related to the type of sludge can also be appreciated,
especially at the lowest cement content, as a function of the different chemical composition and
quartz content of its constituent. In particular, it can be observed that FTB mixtures prepared with
sludge B, which has a higher quartz content that sludge A, showed enhanced thermal properties.
Such an outcome is consistent with the improved thermal characteristics of quartz [11] and may also
be attributed to the different thermal conductivities and concentration of heavy metals contained in
this sludge.

As a result of residual moisture loss, a decrease of k was recorded for all FTB mixtures when
passing from the conditions associated to 18 days of curing to those reached by means of laboratory
drying. By comparing the two sets of data, it is possible to assess the so-called thermal stability of the
considered mixtures. This consists in their aptitude to maintain a sufficiently high value of k, even in
the presence of long-term dry out phenomena. All mixtures exhibited a residual thermal conductivity
(i.e., in lab-dried conditions) greater that 50% of the reference value corresponding to 18 days of curing.
The percentages of residual thermal conductivity were similar, of the order of 66-67%, for the two FTB
mixtures prepared with higher cement content (100 kg/m?) regardless of sludge type. On the contrary,
when considering the FIB mixtures with the lower cement content (50 kg/m3 ), the residual thermal
conductivity recorded for the material containing sludge B (equal to 72%) was higher than that of the
mixture containing sludge A (equal to 52%). Such a result is consistent with the general finding that
sludge B, as a result of its composition, leads to enhanced thermal characteristics.

In order to perform an overall assessment of the effectiveness of employing sawing sludge in FTB
mixtures, obtained results were compared to typical k values reported in the literature for backfilling
materials. Although significant variations may occur as a function of particle mineralogy, water content,
and degree of compaction, values considered in ampacity calculations for standard backfilling soils,
in the absence of any dry-out phenomena, are comprised in the 0.5-1.0 W/(m-K) range [2]. As indicated
in Table 8, all considered FTB mixtures higher values, comprised between 0.97 and 1.70 W/(m-K).
Furthermore, thermal conductivity values recorded in lab-dried conditions were consistent with those
reported by Choorackal et al. [13,14] for similar FTB mixtures containing various types of fine fractions.
It can be thereby postulated that the remarkable thermal properties of the considered FTB mixtures
derive from the distribution throughout their structure of sludge particles that possess a significant
heat transfer capacity due to their silicate nature and to the presence of heavy metals.

3.2. Mechanical Properties

Results obtained from M tests performed on the FTB mixtures after 7 days of curing are reported
in Figure 2, where they are plotted as a function of the first stress invariant (6). Such a parameter
provides a quantification of the global level of stress to which materials are subjected during testing,
and it has been found to greatly affect recorded values of M, [46]. In Figure 2, experimental data are
also compared to the typical variation range indicated by Huang for standard granular sub-bases [58].
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Figure 2. Results of M tests performed after 7 days of curing (all FTB mixtures).

Experimental data plotted in Figure 2 indicate that all the investigated FTB mixtures exhibited a
stress-stiffening behavior, with M, values increasing as a function of increasing values of 8. As expected,
the FTB mixtures with the higher cement content (100 kg/m?) displayed a higher stiffness than those
with the lower cement content (50 kg/m3). Recorded M; values were significantly higher than those
normally reported for pavement subgrades (of the order of 100-200 MPa). It was also observed that
with the exception of one of the mixtures with the lower cement content (mixture AC-C50-0.85), most of
the displayed M; were close to the upper limit of the reference variation range. This finding confirms
that the considered FTB mixtures possess mechanical properties that are adequate with respect to
their intended use, and they are in fact superior to most of the commonly employed subgrade and
sub-base materials.

A comparison between FTB mixtures containing different types of sludge (A and B) is provided in
Figure 3, in which M, values are plotted as a function of 6 on a log-log scale. The two displayed charts
separately refer to mixtures prepared with the same cement content (equal to either 50 or to 100 kg/m?).
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Figure 3. Results of M; tests performed after 7 days of curing: (a) FTB mixtures with cement content
50 kg/m3; (b) FTB mixtures with cement content 100 kg/m?3.

From the analysis of Figure 3, it can be observed that the FTB mixtures prepared by employing
sludge B exhibited at all stress levels a higher stiffness (i.e., a higher M, value) than those containing
sludge A. It was also found that greater differences were recorded at the lower cement dosage (50 kg/m?).
Such an outcome can be explained by referring to the high quartz content and specific mineralogical
composition of sludge B, which probably had a non-negligible influence on cement hydration processes
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and on the resulting calcium-silicate hydrates. Furthermore, it can be postulated that these effects
were of reduced intensity when considering a higher cement content (100 kg/m?), since in this case,
cement paste hydration became predominant with respect to other interfering phenomena or reactions.

3.3. Environmental Properties

Results of chemical analyses and leaching tests carried out on samples of FTB mixtures obtained
by crushing previously prepared specimens are reported in Tables 9 and 10, respectively. As in the case
of tests performed on sludge, experimental results are compared to thresholds indicated in current
Italian regulations.

Table 9. Chemical composition of FTB mixtures (threshold limits defined in [41], values in mg/kg).

FTB Mixture Ba Cu Zn Co Ni Vv Cd Crit CrVl Pb Fe
A-C50-0.85 24 11 11 9 4 9 <1 63 <5 2 5.120
A-C100-0.75 27 13 12 10 6 10 <1 13 <5 2 6.993
B-C50-0.75 29 9 10 2 7 7 <1 11 <5 1 4.045
B-C100-0.75 26 15 17 3 11 13 <1 17 <5 2 3.990

Threshold limits for reuse - 600 1500 250 500 - 15 800 15 1000 -

Table 10. Results of leaching tests performed on FTB mixtures (threshold limits defined in [43]).

Ba Cu Zn Co Ni \% Cd Criot CrVI Pb Fe
FTB Mixture
[mg/L] [mg/L] [mg/L] I[g/Ll I[g/L]l I[g/L] I[g/Ll I[g/L] [g/L] [g/l] [mg/L]

A-C50-0.85 <0.01 <0.001 <0.001 <1 <1 7.5 <1 49.6 0.04 <1 51.9
A-C100-0.75 <0.01 <0.001 <0.001 4 <1 <1 <1 62.1 0.05 <1 30.6
B-C50-0.75 <0.01 <0.001 <0.001 <1 <1 2.2 <1 94.9 0.08 <1 49.5
B-C100-0.75 0.03 <0.001 <0.001 <1 <1 <1 <1 84.9 0.06 <1 13.3

Threshold limits for reuse 1 0.05 3 250 10 250 5 50 - 50 -

The chemical analysis data listed in Table 9 revealed that all considered FIB mixtures exhibited
concentrations of heavy metals that were below threshold limits indicated for use in industrial
and commercial contexts. Less encouraging results were obtained from leaching tests (Table 10),
which highlighted the existence of Cryot concentrations above the maximum allowable limit. Quite
surprisingly, recorded values were higher than those measured on the corresponding sludge samples
(see Table 5), thus disproving the concept of heavy metal stabilization that has been referred to by
several researchers who have described the immobilization effect produced by cement paste [59,60].
However, such an outcome may also be explained by considering the possible presence of chromium
in cement, as suggested by various studies published in the literature [61-65]. In any case, this specific
outcome of the investigation deserves to be addressed in more detail in future investigations before
any full-scale application can take place.

4. Conclusions

The experimental investigation described in this paper analyzed the feasibility of including
sawing sludge in mixtures employed for the formation of Fluidized Thermal Backfills (FIBs).
Sawing sludge of two different types was considered and subjected to a thorough preliminary
characterization. FTB mixtures containing the two types of sludge and prepared according to a
previously developed mix design procedure were characterized in terms of their thermal, mechanical,
and environmental properties.

The outcomes of the investigation were extremely positive with respect to thermal and mechanical
properties. In particular, it was found that the use of sawing sludge was compatible with the
achievement of adequate temperature conductivity and stiffness characteristics, which were found to be
superior to those of materials commonly employed for backfilling operations around buried electrical
high-voltage cables. Furthermore, it was possible to discriminate between the effects produced by
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the two types of sludge, hypothesizing the mechanisms that lead to different resilient modulus and
thermal conductivity values.

With respect to environmental properties, obtained results were partially negative in the specific
case of leaching tests, since current Italian legal limits that define reuse conditions were violated.
Such an outcome, which is not consistent with the results of leaching tests carried out on sawing sludge,
may be due either to the presence of an excessive quantity of wear and tear residues coming from
cutting tools or to the chromium content of cement. Nevertheless, further investigations need to be
carried out in order to support this explanation. Furthermore, a Life-Cycle Assessment (LCA) analysis
of the proposed FIB mixtures is deemed necessary to highlight their impact on the environment in
terms of energy and water consumption, and the release of CO; emissions in order to emphasize the
environmental-related benefits of reusing the sawing sludges.
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